Azotobacter vinelandii cydAB mutants lacking cytochrome bd lost viability in stationary phase, irrespective of temperature, but microaerobiosis or iron addition to stationary phase cultures prevented viability loss. Growth on solid medium was inhibited by a diffusible factor from neighbouring cells, and by iron chelators, In(III) or Ga(III); microaerobic growth overcame inhibition by the extracellular factor. Siderophore production and total Fe(III)-chelating activity were not markedly affected in Cyd 3 mutants, and remained responsive to iron repression. Cyd 3 mutants were hypersensitive to Cu(II), Zn(II), and compounds exerting oxidative stress. Failure to synthesise haemoproteins does not explain the complex phenotype since mutants retained significant catalase activity. We hypothesise that Cyd 3 mutants are defective in maintaining the near-anoxic cytoplasm required for reductive iron metabolism and nitrogenase activity. ß
Introduction
Azotobacter vinelandii is a Gram-negative obligately aerobic, diazotrophic bacterium that is notable for its high rates of respiratory oxygen consumption [1] . The hypothesis [2] that respiration serves to remove intracellular oxygen to levels su¤ciently low for oxygen-labile nitrogenase activity, even in cells growing in air-saturated media, is supported by the e¡ect of mutation of the cydAB structural genes for the cytochrome bd-type terminal oxidase [3] : mutants defective in cydAB lack this oxidase and are unable to grow diazotrophically in air. Upstream of the cydAB operon is cydR that encodes an Fnr homologue, now established as a repressor of cydAB transcription [4, 5] . Mutations in cydR result in over-expression of cytochrome bd [3, 4] ; such mutants, as well as those (cyo) defective in an alternative haem^copper oxidase [6] , are una¡ected in aerobic diazotrophy [3, 6] .
A growing number of studies reveal that cytochrome bd and other oxidases have key physiological roles unrelated to nitrogen ¢xation and that cannot be readily explained by the oxygen reductase role of these enzymes. In Escherichia coli, for example, cytochrome bd functions as an oxidase with an extraordinarily high a¤nity for oxygen [7] allowing growth under microaerobic conditions. However, this oxidase is also required for (a) growth in media where vW H has been diminished by ionophores [8] , (b) exit from stationary phase [9] , (c) growth in media containing tightly chelated Fe(III) [10] , (d) protection from oxidative stress [11] and, in Shigella £exneri, pathogenicity [12] .
During the course of studies on a cytochrome bd mutant of A. vinelandii, we noted a number of subtle growth defects, particularly a propensity for poor survival by aged cultures. Here, we characterise more fully the Cyd 3 phenotype and report a wide range of growth and survival de¢ciencies.
Materials and methods

Bacteria, media and growth conditions
A. vinelandii strain UW136 (`wild-type'), the cytochrome bd mutant MK5 (cydB5), the`cyo' cytochrome`bo' mutant DL10 [6] , and cydR mutants (MK8, MK15) that over-express cytochrome bd [3, 4] have been described. Subcultures were made on Burke's medium with 2% (w/v) sucrose and 15 mM ammonium acetate (BSN) [3] every 14 days. Cells were grown in BSN or in enriched Burke's medium (RM) [13] with rifampicin (10 Wg ml 31 ) and, for mutants, kanamycin (1 Wg ml 31 ). The normal Fe concentration was 18 WM; where indicated, an additional 50 WM Fe (¢nal concentration) was added as a sterile solution of FeSO 4 W7H 2 O. FeSO 4 was omitted for Fe-de¢cient medium. Generally, cultures in Erlenmeyer £asks containing 1/5 their volume of medium were inoculated at 2% with 2^3-day cultures and shaken at 200 rpm and 30³C. For microaerobic culture, 1-l £asks contained 400 ml of medium and were also shaken at 200 rpm and 30³C. Growth was measured by optical density (OD) in a Jenway 6100 spectrophotometer at 600 nm after diluting with medium to bring the OD to below 1.0 in 1 cm pathlength cuvettes. Viable counts were made after dilutions in sterile saline solution (per litre: 8.0 g NaCl, 0.2 g KCl, 1.44 g Na 2 HPO 4 and 0.24 g KH 2 PO 4 ), pH 7.4. Drops (20 Wl) were spotted on RM agar and incubated for 3^4 days. Microcolonies in 10 spots were counted for each sample; the coe¤cient of variation (standard deviation/mean) for such counts was typically 13%. To test for inhibition by the extracellular factor, the factor-producing strain was streaked across one third of an agar plate to achieve dense growth and, generally after 2 days, 5 Wl of a test culture streaked at 90³ to the edge of growth of the producer strain [10] . Growth inhibition was determined by measuring the extent of growth of the perpendicular streak [10] . For example, crossstreaks were approximately 4 cm long and when growth of the mutant occurred along the 2.4 cm distal to the initial dense growth, this was expressed as 40% inhibition. Gradient plates were prepared as in [14] , but using 10-cm 2 Petri dishes containing two 20-ml opposing wedges of media with and without the test compound. Other tests with growth inhibitory compounds were performed as stated in Table 1 .
Catalase and protein assays
Catalase activity was assayed by measuring the decomposition of 1 mM H 2 O 2 at 240 nm [15] in 10 mM Kphosphate bu¡er by cell-free extracts obtained by ultrasonication. Assays were performed in triplicate; means are shown. Protein concentration was determined by the Markwell method (see [10] ) using bovine serum albumin as standard.
Siderophore assays
Cultures were centrifuged at 5000Ug for 10 min, the supernatant media ¢ltered using an Acrodisc PF to remove remaining cells, and the chrome azurol S (CAS) assay performed as in [10] . Supernatant £uids were adjusted to pH 1.8 with 12 M HCl where indicated and scanned spectrophotometrically in quartz cuvettes for measurements of azotobactin (OD max 380 nm) [16] . To avoid interference from extracellular or released components, measurements of azotobactin at 380 nm were corrected by subtracting the absorbance at 405 nm, where azotobactin absorbance is negligible. To correct for the di¡erent cell yields obtained under iron-replete and ironsu¤cient cultures, vOD measurements were corrected by dividing by the OD of the culture at the point of harvest.
Results and discussion
Growth and stationary phase survival of the cydAB mutant
The cydAB mutant MK5 is unable to grow diazotrophically in air [3] . However, we ¢nd that even in the presence of ¢xed nitrogen, MK5 loses viability on plates after 3^4 weeks. A comparison with the wild-type strain of growth in liquid rich medium (RM) showed that MK5 exhibited a longer lag phase and a lower exponential growth rate (doubling time 9 h, compared with 6 h for the wild-type) (results not shown). In stationary phase, the wild-type reached an OD 660 of 6.5^7 whereas the cyd mutant reached an OD 660 of about 6. To determine when stationary phase cells lost viability, de¢ned here as culturability on solid RM, samples from well-aerated 30³C cultures were diluted, plated and incubated at 25³C (Fig. 1A) , 30³C (Fig. 1B) , and 37³C (Fig. 1C) . At each plating temperature, viability of the wild-type increased to reach a population of almost 10 9 cells ml 31 in stationary phase, and then declined by less than twofold over the following 100 h while OD 660 was unchanged. In contrast, the mutant MK5 grew to give consistently lower viable counts at the onset of stationary phase. The population of viable cells (approx. 10 8 cells ml 31 at the onset of stationary phase) then declined precipitously from 120 h at all temperatures; at the end of the experiments at 150 h, viability in all cases was only 4^5% of stationary phase values (Fig. 1A^C) .
In E. coli, the requirement for cytochrome bd function in exiting stationary phase was seen only for cells plated at high temperatures but the e¡ect is not limited to mutants a¡ected in cydDC (previously linked to high temperature defects [17] ) being common to all Cyd 3 mutants tested [9] . It has been suggested that, at slow growth rates, E. coli cells are better able to cope with the lack of cytochrome bd [9] but, in our work, slow growth at 25³C did not ameliorate the defect even though plates at this temperature could not be counted until day 5 after plating, compared to day 3 for the higher temperatures.
Growth of the cydAB mutant is inhibited by an extracellular factor
Growth in E. coli cyd mutants is inhibited by a di¡usible product of neighbouring cells, identi¢ed as an Fe(III) chelator, probably enterochelin [10] . Similarly, growth of the A. vinelandii cydAB mutants, but not the wild-type strain, was severely inhibited in cross-streaking experiments ( Fig.  2A) . Inhibition was dependent upon the time for which the factor-producing strain was pre-grown on the plate: 48 h growth of the wild-type strain gave 40% inhibition of the mutant, whereas factor production during pre-growth for 96 h gave about 90% inhibition. The cydR mutants MK8 and MK15 and the`cyo' mutant DL10 were not inhibited by the factor from the wild-type strain (Fig. 2) . In E. coli, cydDC mutants fail to assemble cytochrome bd and these too are sensitive to the extracellular factor [10] . However, cydDC genes have not been reported in A. vinelandii and Southern hybridisation experiments have failed to identify such genes (S. Edwards, S. Hill and R.K. Poole, unpublished). Increasing the iron concentration by two-or threefold suppressed the inhibition (Fig. 2B,C) . Inhibition was also suppressed microaerobically (Fig. 2D) . Under these conditions, a cydR mutant failed to grow, as expected [3, 4] .
A. vinelandii Cyd
3 mutants are sensitive to metal ions, chelating agents and oxidative stress
To determine whether Cyd 3 mutants lose viability as a result of iron de¢ciency, we tested the e¡ects of iron chelators and metal ions on growth of wild-type and Cyd 3 strains. The chelators 2,2P-dipyridyl (with higher a¤nity for Fe(II) than Fe(III); Table 1 ) and EDDHA (with higher a¤nity for Fe(III) than Fe(II)) [18] were both preferentially toxic to the mutant. For example, EDDHA at 0.1 or 0.3 mM almost completely inhibited growth of strain MK5 with little e¡ect on the wild-type strain. Enterochelin (puri¢ed from E. coli) also prevented the growth of the Cyd 3 mutant when applied on a ¢lter disc to a lawn of cells (not shown). Salts of gallium and indium, both of which can compete with Fe(III) for binding by siderophores [19, 20] , were much more toxic to the mutant at sub-millimolar concentrations than to the wild-type. In addition to being sensitive to low iron concentrations (Fig. 2, and above) , the cydAB mutant was also hypersensitive to high concentration (0.1 mM) of Fe(III) citrate (not shown).
The Cyd 3 mutant was also sensitive to Cu(II) and Zn(II) ( Table 1) . Copper has the potential for damaging biological systems by catalysing production of free radicals during the Cu(II)/Cu(I) transition [21] . Zinc(II) is a potent inhibitor of the growth of Cyd 3 mutants of E. coli and has been used (with azide) in selective media for identifying Cyd 3 mutants [22] . Interestingly, Zn(II) inhibits Fe(III) reductase in A. vinelandii [23] and may therefore exacerbate the growth defects of a Cyd 3 mutant.
Iron and microaerobic growth conditions rescue the stationary phase phenotype
As in E. coli [10] , the A. vinelandii cyd mutants exhibited a sensitivity to both stationary phase and iron chelators. We therefore investigated the possibility that the stationary phase defect might be due to unavailability of iron. A culture of the mutant was grown at 30³C to stationary phase and a solution of FeSO 4 was added giving a ¢nal concentration of 50 WM at 78 h, before the drop in viability routinely observed. As shown in Fig. 1B , Fe largely prevented the drop in viability measured by plating at 30³C. Since iron uptake generally involves the reduction of iron, either before transport or after, we determined whether cyd mutants might be defective in maintenance of the metal in a reduced form. Cultures were grown microaerobically, since A. vinelandii cannot be cultured anaerobically: as shown in Fig. 1D , minimal oxygen supply had little e¡ect on the stationary phase populations attained by wild-type or mutant strains. However, in marked contrast to well-aerated cultures (Fig. 1B) , viability as measured by plating at 30³C was not lost in the cyd mutant in microaerobic cultures.
Siderophore synthesis
A. vinelandii utilises several iron trapping and uptake systems. 2,3-Dihydroxybenzoate is a low a¤nity ligand [16] but, in iron-de¢cient media, catecholate siderophores are excreted, namely azotochelin, aminochelin and protochelin [24, 25] . At added iron concentrations below about 3 WM, a higher a¤nity pyoverdine-like siderophore azotobactin is excreted [16] . With the exception of 2,3-dihydroxybenzoate, the synthesis of all siderophores responds to low iron availability, but catecholate synthesis is less sensitive to repression by iron than is synthesis of azotobactin [26] . Total siderophore concentrations were assayed in culture supernatants by the CAS assay, which measures the ability of the sample to extract Fe(III) from an FeĈ AS complex. No signi¢cant di¡erences in total siderophore concentration were observed (results not shown) between the two strains, whether grown with no added iron, with normal iron (18 WM) or with 50 or 90 WM added iron. The mean siderophore concentration, corrected for OD, in eight experiments was 7.5 WM (S.D. 0.7). Because the CAS assay does not distinguish between various siderophores, we also measured spectrophotometrically the concentrations of azotobactin in acidi¢ed culture supernatants. Omitting iron from media reduced growth rates of both strains: 71-h cultures in the absence of added iron had OD 660 values only about 30% of ironsupplemented cultures (results not shown). Iron de¢ciency increased the production of azotobactin by 19-fold in 25-h cultures of strain UW136 and by about 7-fold in 71-h cultures (Table 2) . A similar (5^10-fold) derepression of azotobactin synthesis was observed in the Cyd 3 mutant ; comparison of wild-type and Cyd 3 strains under di¡erent conditions of Fe status and growth phase showed less than twofold di¡erences between strains (Table 2) . These results and the CAS assay demonstrate that mutant MK5 synthesises levels of siderophores not less than 50% of those in wild-type cells and retains the ability to respond to iron starvation.
Further iron stress was imposed by growing cells to stationary phase and then using the`spent' ¢ltered medium for further growth (not shown). Azotobactin levels produced by UW136 (measured in culture supernatants at 410 nm without pH adjustment) were clearly responsive to iron status : iron supplementation decreased azotobactin production, corrected for cell yield, by 5^10-fold. In marked contrast, mutant MK5 grew well in spent medium supplemented with Fe, but very poorly in medium not so supplemented, reaching OD values around 1. Nevertheless, compared to Fe-unsupplemented media, siderophore production was increased eightfold (in medium from wildtype) or 14-fold (in medium from previous growth of the same strain). Thus siderophore synthesis remained responsive to iron levels.
Are cydAB mutants able to synthesise iron-containing proteins?
To test the possibility that the Cyd 3 mutant was defective in iron uptake and synthesis of iron-dependent enzymes, the activity of catalase was assayed during growth and in stationary phase. In both strains, speci¢c activity rose during cell growth and into stationary phase, and subsequently declined (Fig. 3) . Catalase activity in the mutant was similar to that of the wild-type strain in the ¢rst 50 h of growth and was at least 60% of wild-type levels in the stationary phase, making it unlikely that the mutant is substantially iron-de¢cient. The slightly lower catalase activities in the Cyd 3 mutant were accompanied by peroxide sensitivity in plate assays (Table 1) . Low H 2 O 2 concentrations (0.15 mM) were signi¢cantly more toxic to the Cyd 3 mutant than to the wild-type but at 1.5 mM H 2 O 2 both strains were severely inhibited. The mutant was also more sensitive to other agents that exert oxidative stress by redox cycling (paraquat and plumbagin) and also to Cu(II) and Zn(II) ions. Mutations in cydR or`cyo' did not result in hypersensitivity to Cu(II), Zn(II), ferric citrate, Ga(III) or In(III) (not shown).
Links between iron metabolism and oxidative stress have recently been unveiled by Cornish and Page [24] : hyper-production of catecholates under conditions of oxidative stress is proposed to hold Fe(III) ¢rmly enough to prevent its reduction by superoxide anion and Fenton chemistry. Oxidative stress sensitivity may re£ect limitation by iron of superoxide dismutase synthesis. The oxidative stress experienced by iron-limited cells may aggravate the defects in iron utilisation shown by the present data.
Conclusions
In A. vinelandii, cytochrome bd is required not only for aerotolerant nitrogen ¢xation but also for growth under various conditions of stress. Like E. coli Cyd 3 mutants, A. vinelandii cydAB mutants are sensitive to stationary phase conditions, an extracellular factor, H 2 O 2 , iron chelators, and Zn(II). However, unlike E. coli, A. vinelandii Cyd 3 mutants (i) rapidly lose viability at all plating temperatures tested, not just at 37³C, and (ii) do not over-produce siderophores, but retain iron-regulated siderophore excretion. Further investigation is needed of this complex phenotype, aspects of which may be inter-related. Thus, loss of cytochrome bd is expected to result in increased intracellular O 2 [1^3] and therefore oxidative stress. This e¡ect may be exacerbated by iron de¢ciency, which may limit activity of Fe-SOD, itself subject to H 2 O 2 inhibition [27] . We suggest that cytochrome bd might be directly involved in energising Fe-siderophore transport or in reduction of Fe(III)-chelates and thus metal liberation in the cytoplasm. Supporting this possibility are the ¢ndings that (a) growth under microaerobic conditions alleviates inhibition of the Cyd 3 mutant by the extracellular factor and prevents loss of viability in stationary phase, and (b) supplementation of liquid cultures with FeSO 4 prevents the viability loss. The hypothesis is particularly favourable in the case of A. vinelandii since cytochrome bd is considered to be essential for maintaining the supposedly anoxic cell interior required for nitrogen ¢xation [1] . Recently, direct involvement of the terminal oxidases of E. coli in maintaining an appropriate redox balance for oxidative protein folding in the periplasm via DsbA and DsbB has been reported [28] , but this does not appear to explain the complex phenotype associated speci¢cally with mutations in the cytochrome bd-type oxidase.
